steroid profiling by gas-chromatography tandem mass spectrometry and multivariate statistics for detection of natural hormone abuse in cattle. Food Additives and Contaminants, 2012, pp.1. 10.1080/19440049.2012 For years it is suspected that natural hormones are illegally used as growth promoters in cattle in the European Union. Unfortunately there is a lack of methods and criteria that can be used to detect the abuse of natural hormones and distinguish treated from non-treated animals. Pattern recognition of steroid profiles is a promising approach for tracing/detecting the abuse of natural hormones administered to cattle. Traditionally steroids are analyzed in urine as free steroid after deconjugation of the glucuronide (and sulphate) conjugates. Disadvantage of this deconjugation is that valuable information about the steroid profile in the sample is lost. In this study we developed a method to analyze steroids at very low concentration levels (ng.L-1) for the free steroid, glucuronide and sulphate conjugates in urine samples. This method was used to determine concentrations of natural (pro)hormones in a large population (n=620) of samples from male and female bovine animals and from bovine animals treated with testosterone-cypionate, estradiol-benzoate, dihydroepiandrosterone and pregnenolone. 
For years it is suspected that natural hormones are illegally used as growth promoters in cattle in the European Union. Unfortunately there is a lack of methods and criteria that can be used to detect the abuse of natural hormones and distinguish treated from non-treated animals. Pattern recognition of steroid profiles is a promising approach for tracing/detecting the abuse of natural hormones administered to cattle. Traditionally steroids are analyzed in urine as free steroid after deconjugation of the glucuronide (and sulphate) conjugates. Disadvantage of this deconjugation is that valuable information about the steroid profile in the sample is lost. In this study we developed a method to analyze steroids at very low concentration levels (ng.L-1) for the free steroid, glucuronide and sulphate conjugates in urine samples. This method was used to determine concentrations of natural (pro)hormones in a large population (n=620) of samples from male and female bovine animals and from bovine animals treated with testosterone-cypionate, estradiol-benzoate, dihydroepiandrosterone and pregnenolone. The data acquired in this study was used to build a statistical model applying the multivariate technique 'Soft Independent Modeling of Class Analogy' (SIMCA). It is demonstrated that using this model, the results of the urine analysis can indicate for which animal's illegal treatment with natural (pro)hormones may have occurred. this method are that external contamination of hair samples cannot be fully excluded and that 47 the mechanism of deposition in the hair is not known in full detail yet. 48 Natural hormones are metabolized by the liver or intestine (phase I metabolism). Then 49 steroids are converted to more polar compounds by conjugation in order to be excreted via 50 urine from the body (phase II, metabolism). Circulating natural hormone levels are 51 maintained by a dynamic system that ensures homeostasis. In simplest terms, this system can 52 be considered a balancing act between the rate of synthesis and the rate of its metabolic 53 inactivation/elimination. As this system is in balance, both the rate of synthesis and the rate 54 hormones. Chemically induced disruptions in either of these two processes can potentially 56 modify circulating natural hormones levels. From a theoretical point of view, administration 57 of natural hormones will disrupt this balance and will change the excretion patterns. 58 Therefore, knowledge of the concentrations (Nielen et al. 2007 ) and the mutual relation of 59 these compounds in urine is important. The mutual relation is determined in this study via 60 metabolic profiling. Changes in these patterns can possibly be used as screening tools in 61 control schemes (Mareck et al. 2008 ). Metabolic profiling is targeted analysis of metabolites 62 and intermediates in a (part of a) biological system, typically large datasets are being 63 acquired. To handle these datasets dedicated statistical tools based on multivariate techniques 64 are applied, such as Principle Component Analysis (PCA), to elucidate differences between 65
samples. 66
The concept of the use of metabolic profiling to detect the illegal use of substances 67 originates from human sports doping research where the testosterone/epitestosterone ratio 68 (T/E ratio) (Donike et al. 1983 ) is applied to demonstrate the abuse of testosterone. An 69 extension of the T/E ratio in human sport doping research has recently been proposed by 70 The feasibility of T/E ratio to determine if synthetic 17ß-testosterone is administrated 76 to cattle was tested by Angeletti et al., (2006 classification of a beef sample of unknown origin was performed, regardless of the slaughter 84 age of the animal. However, the MI cannot be used to indicate abuse of natural hormones. Le 85 Bizec et. al (2006) described the measurement of natural occurring steroids in kidney samples 86 before and after treatment with natural hormones. By applying discriminant statistics they 87 were able to separate the animals treated with natural hormones from the non-treated animals. In this experiment a heifer was injected twice intra-muscularly in the neck with estradiol-127 benzoate. The first injection was performed at the beginning of the treatment period; the 128 second injection one week after the first injection. The injection solution was prepared by 129 dissolving 248 mg in 2 ml of acetone, after which 50 ml of olive oil was added. The acetone 130 was evaporated under a stream of nitrogen. At t=0 and t=5 days a portion of 25 ml of the 131 solution was injected in the neck. Urine samples were collected prior to injection and at each 132 day after injection for a period of 21 days. The collected samples of urine were stored at -133 20°C until analysis. 134
Testosterone-cypionate treatment 135
In this experiment a heifer was injected twice intra-muscularly in the neck with β-136 testosterone-cypionate. The first injection was performed at the beginning of treatment 137 period; the second injection one week after the first injection. The injection solution was 138 prepared by dissolving 300 mg in 2 ml of acetone, after which 50 ml of olive oil was added. 139
The acetone was evaporated under a stream of nitrogen. A portion of 25 ml of olive oil was 140 injected in the neck. Urine samples were collected prior to injection and at each day after 141 injection. The collected samples of urine were stored at -20°C until analysis. 142
DHEA-treatment 143
In a time span of one and a half year, three independent bovine DHEA treatment experiments 144 were performed using identical treatment and sampling schedules. Male Friesian bovines 145 were purchased at the local market and housed for 2−3 weeks before the start of each 146 experiment. Each of the three experiments consisted of two animals of which one was treated 147 orally by capsules containing 1000 mg of DHEA, and the other intramuscular by 1000 mg of 148 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 and during the animal trials urine was sampled at days 2, 5, and 7. Untreated control animals 151 were included in all three experiments; three animals in the first experiment, one in the 152 second and two in the third experiment. 153
Pregnenolone-treatment 154
The pregnenolone experiment consisted of four male control animals and four male animals 155 which were treated orally with capsules containing 500 mg of pregnenolone. Repeated dose 156 administrations were performed seven times at 24h intervals. Before the start of the treatment 157 urine was collected and during the animal trials urine was sampled at days 2, 5, and 7. 158
Determination of specific density and total solid content 159
Refractometry is a relatively simple method to determine the total amount of solids in urine 160 (Weeth, H et al. 1969) . Using the specific density of the samples, inter-sample variability in 161 the measured concentration caused by differences in density can be corrected. Correction was 162 performed using the average value 1.020 for the specific gravity of all bovine urine samples 163 used during this study. 164
Samples with a specific density lower than 1.004 were rejected for data-processing since the 165 correction factors for these samples are too large and the measurement of the specific density 166 is less reliable below 1.004. 167
Materials 168
Standard solutions of 1 ug l -1 the analytes ( program started at 110°C (constant for 1 min), increased 20°C.min-1 to 240°C and was held 187 for 1.5 min. Then, the temperature was increased 1°C.min-1 to 244°C. Finally, the 188 temperature was increased 25°C.min-1 to 340°C. This temperature was held for 2 min. The 189 helium flow was kept constant at 1.0 ml.min-1. The GC-MS/MS was operated in electron 190 ionization (EI) mode using Multiple Reaction Monitoring (MRM). In Table 1 
Deconjugation and isolation of glucuronide conjugates 210
The G + S fraction was dried at 55°C under a gentle stream of nitrogen and dissolved in 1 mL 211 of phosphate buffer (pH 7.4). 5 ng of internal standard mixture (see table 1) and 10 µL of ß-212 glucuronidase was added. The mixture was vortexed and hydrolyzed for three hours at 55°C. 213
An SPE C 18 column (3 mL) was preconditioned with 3 mL of methanol followed by 3 mL of 214 water. After that, 2 ml water was added to the SPE column and the hydrolyzed sample was 215 applied. The column was washed with 3 mL water. The sulphate-conjugates were eluted with 216 3 mL of 35:65 (v/v, %) acetonitril:water. The eluate collected, which was denoted fraction S, 217 were eluted with 3 mL of acetone; this fraction was denoted G. The eluate was evaporated to 220 dryness at 55°C under a gentle stream of nitrogen and further processed as described in the 221 paragraph derivatization. 222
Deconjugation of sulphate conjugates 223
To the dried extract (fraction S) 5 ng of internal standard mixture and 1 mL of dry ethyl 224 acetate and 2 µL 4M H 2 SO 4 were added. The solvolysis was performed for 1 hour at 40 °C 225 after which 4 mL of ethyl acetate and 1 mL of an aqueous 5% NaHCO 3 solution were added. 226
The mixture was vortexed and centrifuged. The water phase was removed. The ethyl acetate 227 layer was transferred to a clean glass tube and evaporated to dryness at 55°C under a gentle 228 stream of nitrogen. The residue was dissolved in 100 µl of methanol and 2 mL of TRIS buffer 229 pH 9.2 was added. LLE was performed twice with 7 ml n-pentane. The pentane fraction was 230 evaporated to dryness at 55 °C under a gentle stream of nitrogen and further processed as 231 described in the paragraph derivatization. 232
Derivatization 233
The dried residues (fraction A, G and S) were derivatized separately. First they were 234 dissolved in 0.5 ml of ethanol and transferred into a derivatization-vial and evaporated to 235 dryness at 50°C under a gentle stream of nitrogen. The dry residue was derivatized by adding 236 25 µl of MSTFA++ followed by incubation of 1 hour at 60°C. The derivatized mixture was 237 evaporated to dryness at 50°C under nitrogen. The dry residue was reconstituted in 25 µl of 238 iso-octane. 239 240 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 showing separation between all groups used in this study, e.g. blank bovine female and male, 269 testosterone, estradiol, DHEA and pregnenolone treatment. However, PCA is an 270 unsupervised model and better suited supervised statistical models are available to perform 271 pattern recognition. A start was made with a number of objects whose group membership is 272 known, for example testosterone treated animals. These objects were considered the 273 'learning' or 'training' objects (Miller, J et al. 2005 ). The aim of supervised pattern 274 recognition methods is to use these objects to find a rule for allocating new objects of the 275 unknown group to the correct group. A number of supervised statistical models were 276 explored. K-nearest neighbor method, (linear) discriminant analysis and SIMCA. All data 277 was mean-centered and log 10 transformed to suppress exorbitant values. 278
Results and Discussion 279
Validation of the method 280 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Therefore the same CCα and CCß are used in this study for the steroid steroid aglycons and 288 conjugated compounds. Several performance characteristics were determined. Important 289 parameters are the decision limit (CCα), the limit at and above which it can be concluded 290
with an error probability of α that a sample is non-compliant, and the detection capability 291 (CCβ), the smallest content of the substance that may be detected, identified and/or quantified 292 in a sample with an error probability of β. In the case of substances for which no permitted 293 limit has been established, the detection capability is the lowest concentration at which a 294 method is able to detect truly contaminated samples with a statistical certainty of 1 -β. In 295 Table 2 an overview is given of the validation results. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 sulphate of 5α-androstanediol-3ß,17α; and androstenedione-sulphate. These effects can be 336 expected since this is the metabolism pathway of testosterone. When the heatmap is further 337 examined some other effects are observed. There is an increase in the levels of all three forms 338 of DHEA and especially the steroid aglycon form of DHEA. This is not expected since 339
DHEA is a precursor of testosterone and not a metabolite. Furthermore there is an increase in 340 the steroid aglycon form of androstenediol and pregnenolone. This suggests some sort of 341 feedback mechanism, which to the best of our knowledge, was not observed in other studies. 342
A possible explanation is that the biosynthesis from androstanediol to testosterone is inhibited 343 due to the high exogenous level of testosterone, inducing an overproduction of all steroids 344 involved in this pathway (see Figure 1) , immediately following injection of testosterone-345 cypionate. This would also increase the production of the hormone DHEA-sulphate. We do 346 not know if this effect is limited to the particular animal used in this study or that these 347 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were previously suggested as DHEA metabolites in an LC-ToF-MS study (Rijk et al. 2009) . 379
Less pronounced, but also observed in this treatment is the feedback towards 380 precursors of DHEA: there is a slight increase in concentration of pregnenolone-glucuronide 381 and pregnenolone-sulphate. These effects are observed in all animals included in this study, 382 some animals react stronger than others on the treatment; this difference is probably caused 383 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The reference population consists of urine samples obtained from routine control 412 programs in The Netherlands which were collected from bovine animals of all ages and both 413 genders. To assess the effects of natural hormone administration, animals treated with 414 estradiol-benzoate, testosterone-cypionate, DHEA and pregnenolone were also included in 415 the sample set. The whole data set was processed using Soft Independent Modeling of Class 416 Analogy (SIMCA) software. SIMCA produced the best results for the data collected in this 417 study in terms of prediction power and description. SIMCA first models data within each 418 class (e.g. male, female, testosterone treatment etc.) using Principle Component analysis 419 (PCA). Each group is modeled based on similarities within a group. Therefore, the number of 420 principle components will vary per group. After defining the optimum settings for each 421 group, the whole data set was used to separate the groups and build the statistical model. 422
Then, samples could be classified by determining their distance to and degree of resemblance 423 with each group. An advantage of SIMCA is that it can indicate with a certain degree of 424 probability that a sample belongs to one or more groups, or to none of the groups used to 425 build the model. The SIMCA model was optimized to maximize the correct classification 426 rate. The concentrations were log10 transformed and mean-centered, maximum factors 6, 427 scope local, probability of the statistics used was 0. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The results of the classification of guaranteed blank bovine samples are satisfying for 502 this type of model. Only one sample was not assigned to the correct group; in this case a 503 mixture of bovine samples which is assigned to the pregnenolone group. Probably this is due 504 the fact that mixed urine was used, resulting in a profile that correspond with a treated 505 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 concentrations because their concentrations will also increase in case an animal is treated 521 with a natural hormone. The described methods furthermore lack performance characteristics. 522
The use of ratios of steroids and prohormones to determine abuse seems promising; in 523 human doping studies the use of ratios has been extensively examined by van Renthergem 524 (2010a). For a large population the concentrations of steroids and precursors were 525 determined. Combinations of ratios were statistically compared to determine if abuse of 526 natural hormones had occurred. It was concluded that the use of ratios of several metabolites 527 could help the decision making to determine if abuse with natural hormones had occurred. 528
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